Abstruct-In this paper, a crosstalk model is developed to study the packing density and interconnect distance limitations of an optical interconnect system employing polymer-based singlemode bus arrays. The upper limit of channel packing density (1250 channeldcm at interconnect distance of 5 em) is determined for the first time using the crosstalk model, in which channel cross-coupling among an infinite number of waveguides is considered. Computer simulations are provided together with the proven experimental results. It is shown that there is a threshold of channel separation due to channel cross-coupling, which results in a tradeoff between channel packing density and interconnect distance. Waveguide dimension closer to the cutoff boundary of second mode (ET2) is preferred for an optimum design. . Important criteria in determining the usefulness of optical bus arrays are their interconnect distance and packing density, which may be limited by the channel cross-coupling, and therefore has been investigated in some detail. The early investigation showed that the crosstalk noise due to channel cross-coupling must be smaller than -12 dB for incoherent light and -32 dB for coherent light using a I-dB power penalty criterion at a bit-error-rate (BER) of 191.
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PTICAL bus arrays are attractive for optical interconnect 0 systems because of their low crosstalk, small propagation loss, and parallel operation with high packing density [ I]- [4] .
Optical bus arrays are used in massively parallel optical interconnects [ 5 ] , integrated-optic star couplers [6] , optical splitters, and waveguide gratings 171, [8] . Important criteria in determining the usefulness of optical bus arrays are their interconnect distance and packing density, which may be limited by the channel cross-coupling, and therefore has been investigated in some detail. The early investigation showed that the crosstalk noise due to channel cross-coupling must be smaller than -12 dB for incoherent light and -32 dB for coherent light using a I-dB power penalty criterion at a bit-error-rate (BER) of 191.
In this paper, the limitations on packing density and interconnect distance are investigated for the first time on a polymer-based single-mode bus array (PBSMBA). A crosstalk model is developed based on coupled-model theory [lo] , [ 1 11. An infinite number of cross-coupled buses is considered, and an exact simulated solution is presented together with the experimental results. It is shown that there is a threshold of acceptable packing density due to bus cross-coupling. For an optimum design, large waveguide dimension up to the cutoff boundary of second mode (E,",) is preferred. A schematic diagram of a MCM board using PBSMBA, where the PBSMBA's but also to single-mode optical bus arrays based on other materials. The following describes the geometry used in our analysis. We consider an optical bus array using identical single-mode channel waveguides with uniform channel separation. The schematic of the device presented is shown in Fig. 1 , where a single-mode channel waveguide array based on photolime gel polymer is employed as an optical bus array on a multichipmodule (MCM) board [5] . The square single-mode channel waveguide is selected, with the channel width (U) equal to the channel depth ( b ) . Here n1 and 122-5 are the refractive indexes of the guiding layer and cladding layers, respectively. The cross section of a channel waveguide is also depicted in where n represents the nth channel waveguide, Q: is a single waveguide absorption coefficient, z is the length of channel waveguide array, and K. is the coupling coefficient between two adjacent waveguides. For a well-confined single-mode channel 0733-8724/95$04.00 0 1995 IEEE waveguide array with a = b, we have [12] where X is the operating wavelength,,^ is the channel separation, and J = J 3 = J5 represents the penetration depth of the field components in cladding media 3 and 5. is given by (3) where A = $(nl -n',,5)-0,5. Note that E is primarily determined by a, n l , n3, and 125 rather than b, 722, and n4.
When the input energy for each channel is equivalent, the boundary condition of (1) 
where JO and J, represent the fundamental and nth order
Bessel functions. The term e x p ( -i a z ) is due to waveguide propagation loss. The term J o ( 2 i n z ) accounts for the signal remaining in its own channel, whereas higher order Bessel functions account for undesired crosstalk from other channels.
Such crosstalk causes either noise increase or signal decrease.
Note that the center channel experiences the most crosscoupling.
The crosstalk intensity to the center channel, based on (4), can thus be written as (5) (6) for coherent and incoherent light, respectively. With coherent light sources, the phase relationship among all channels should be considered as well. To provide a conservative design criterion, we consider the worst case crosstalk where the crosscoupling noise from all other channels are in phase at the center channel and thus to give rise to the maximum noise level. With this condition, ( 5 ) becomes 1 2
The effect of waveguide propagation loss will be neglected in this paper because it only changes the power budget required rather than the crosstalk figure (see (6) , (7) , and (8)). Note that the optical propagation loss was determined as low as 0.1 dB/cm in polymer-based channel waveguide fabricated by optical cross-link technique [5] , 1131 and as low as 0.5 dB/cm fabricated by compression-molding technique [4] . The simulations to be presented require that a specified signal-to-noise ratio (SNR)
be maintained at the output of a PBSMBA. In our case, we have I, = E: and I, = Icoh or lint. These are given by (6) and (7), respectively. If the optical interconnect network uses binary pulse code modulation, the signal-to-noise ratio has to be large enough to obtain the required bit error rate (BER). For a BER of the required SNR is 12 dB for using incoherent light sources and 32 dB for using coherent light sources [9] . The 20 dB difference in SNR between using coherent light and using incoherent light is due to the effect of phase-to-intensity noise conversion in avalanche photodiodes. Such difference varies with the degree of coherence and is saturated around 20 dB 191.
Because of channel cross-coupling, the interconnect distance is strongly affected by the channel separation in a dense PBSMBA. Fig. 2 shows the tradeoff between channel length and channel separation based on (6) and (7) for n = 00. As indicated in Fig. 2 , there is a threshold value of interconnect channel separation which decreases when increasing lateral index modulation (nl -123,s). Also, coherent and incoherent light sources lead to significant differences in interconnect distance for the same system performance. To obtain 5 cm interconnect distance, with a waveguide dimension of a = b = 2 pm and n1 -723,s = 0.006, it may be necessary to separate the waveguides up to 12 pm (six times of channel dimension). For more favorable lateral index modulation of n1-n3,5 = 0.015 (the cutoff condition of amultimode channel waveguide), the required channel separation is 6 pm (as shown in Fig. 2 for coherent light) . In other words, Fig. 2 indicates that the upper limit to packing density is 1250 channelskm for a 5.0 cm long PBSMBA.
In order to find the optimum waveguide dimension, the channel separation versus waveguide dimension in a singlemode channel waveguide array was theoretically determined based on (6) and (7) for n = 00, and the results plotted in Fig. 3 . It indicates that larger waveguide dimension, i.e., up to the cutoff boundary of second mode (E&), gives rise to a smaller channel separation when the lateral refractive index difference is fixed. This is because that the large waveguide dimension decreases the evanescent tail and thus increases the confinement effect. Consequently, the channel packing density can be increased or fixed while enlarging the singlemode waveguide dimension. Such a result is very useful for designing a dense single-mode channel waveguide array, where large waveguide dimension is always preferred for both coupling and fabrication. The physical parameters of a symmetric square single-mode waveguide m a y used in the calculation, can be found in Fig. 3 . The signal-to-noise ratio was set at 32 dB for coherent light and 12 dB for incoherent light.
To evaluate the accuracy of the formulas developed, a 100 channel, 5 cm long single-mode waveguide array was fabricated with channel separation of c = 8 pm and channel width of a = 2 pm. Waveguide indexes nl = 1.5 and n1 -n3,5 = 0.006 were experimentally confirmed using the IWKB method [13] . Fig. 4 is a photograph of the near field pattern of optical throughput of such a PBSMBA. In the experiment, two HeNe laser beams (A = 0.6328 pm) with nearly uniform intensities (10/10 = 0.85/0.95) were coupled into the two center channel waveguides, respectively. There was no optical wave launched into the other channels at the input end, which mimics the situation of power-off with respect to the two power-on center channels in an optical binary modulation system. As indicated in Fig. 4 , significant power was coupled into the side channels. It shows that the crosstalk noise due to the channel cross-coupling may seriously affect the system performance and must be considered in designing a dense PBSMBA. Fig. 5(a) is a plot of the theoretical calculation of longitudinal intensity distribution in a PBSMBA based on (5) using the experimental parameters of Fig. 4 . Input light waves with equal intensity and phase were assumed at the input end of the two center channels. Fig. 5(b) shows the transverse intensity distribution of the six center waveguides at the To design an optical bus array, it would be most helpful to know the limit of channel density for which the crosstalk is low enough to be acceptable under the desired waveguide parameters. Fig. 6 shows the SNR versus channel separation as the parameter of the length of waveguide array, based on (7) and (8) . In this simulation, a = b = 2 pm, n1 -723,s = 0.006, and X = 0.6328 pm were assumed. Based on Fig. 6 , up to 12 pm channel separation is needed to keep the SNR above 32 dB at the end of the waveguide array with 5 cm length. If 40 dl3 SNR is required, for example, 13 pm channel separation may be needed for same waveguide parameters.
The polymer, photolime gel employed in our experiments, is a class of biopolymer consisting of thousands of 10-20 A-long amino acids. It has been classified as superpolymer because of its extraordinary chemical and physical properties and its molecular structure, which has been widely employed to fabricate holographic thin film. When the gelatin solution is subjected to temperatures below 3OoC, the solution becomes a soft gel, when it is dry, it becomes a rigid glass film that shows very little absorption and optical scattering. The remarkable fact is that the photolime gelatin has two extraordinary micro structural morphologies: 1) 2-D network-molecules are partially aligned and cross linked with inter-chain hydrogen bonds to form a helical collagen like sheet; and 2 ) thermoplastic + thermosetting-processible gelatin (with thermoplastic form) can be readily transformed into a highly cross-linked and insoluble polymer (with larger index of refraction) by heat of UV radiation curing. The dichromate photolime gel, doped with ((NH4)2Crz07) ammonia dichromate, can be employed to increase the optical cross-linking effect. Rib waveguide can be also fabricated through compression-molding technique during the phase transition time of the polymer based on this thermoplastic -+ thermosetting structural morphologies [4] . Furthermore, the (vertical) graded index characteristic of the photolime gelatin allows the formation of low loss waveguide devices on any substrate of interest [5] . The graded index property also reduces the optical scattering loss caused by the interface roughness between the polymer waveguide and its substrate.
To fabricate the photolime gel based optical channel waveguide array, the polymer thin film was first spin coated on a glass substrate. When the gelatin is first formed, it is in an aqueous solution and the molecules exist as single chains surrounded by water molecules. After standing at temperatures below 30°C, solutions of more than 1% gelatin become rigid and exhibit rubber-like mechanical properties. An optical planar waveguide region is thus formed. The formed planar waveguide was then dipped into ammonia dichromate solution for sensitization. Formation of a channel waveguide was realized by cross-linking technique through an optical mask under ultraviolet exposure. It was observed that the crosslinked area has a higher index of refraction than the unexposed area.
To introduce the desired index modulation for writing the channel waveguide on planar waveguide, based on optical cross-linking technique, the optical exposure time, t, has to be carefully controlled in the experiments, which satisfies the following equation
where E is the optical intensity of the exposure beam, / 3 is the emulsion constant related to the doping level of ammonia dichromate, the ratio of photolime gel to water, and the optical exposure wavelength. An is the index modulation for the exposure and An,,, is the maximum index modulation of the material. In our experiments, An = 0.006, and Anm,, = 0.18 were experimentally determined. The refractive index of the photolime gel, in form of planar waveguide, was measured under different UV exposure level by "VAMFO-Model 2010 Prism Coupler." With this setup, the index measurement accuracy is up to fO.OO1 with index resolution of f0.0005.
The associated thickness measurement accuracy is lt(0.5% + 50 A) with thickness resolution of f0.3%.
The channel waveguide width is defined by the optical cross-linking through a designed optical mask, where the channel waveguide pattern with designed width and separation are prewriting. In our experiments, the optical mask with channel width 2 pm and channel separation 8 pm was employed. To obtain a required waveguide thickness, the polymeric solutions with various photolime gel and water ratios were prepared and then spin-coated on glass substrates. Film thickness as a function of spin speed with photolime gel/water ratios as a parameter is shown in Fig. 7 . The required thin film thickness can be obtained by choosing an appropriate spin-speed in the experiments. Stringent filtering procedure involving 1 pm filter is needed to reduce the film scattering loss associated with the material structure roughness. For the fabricated waveguide with a = b = 2 pm, n1 = 1.5, n2 = 1.0, n1 -n4 -0.01, and n1 -713,s = 0.006, the single-mode guiding was confirmed by the photograph of the near field pattern of the optical throughput shown in Fig. 4 . As we mentioned earlier, compression-molding technique can be also employed to mass produce large scale waveguide array using photolime gel polymer at propagation loss of 0.5 dB/cm. However, the large scale single-mode molding plungers are difficult to fabricate. For fabricating multimode channel waveguide array, the molded groove depth of the resulting rib waveguide can be controlled with 1 pm of the film thickness of 10 pm in our previous work [4] . Many important factors as the compression induced birefringence and the accuracy of small index difference produced are still under investigation and unknown at this time.
Thin film polymer-based channel waveguide arrays have the advantage of providing linear and curved optical interconnections with high packing density (1250/channel/cm) at small waveguide propagation loss of -0.1 dB/cm and high transmission speed (60 GHz) [5] , [14] . It is the only guided wave interconnection device that is technologically mass producible by compression-molded technology [4] . Also the graded index property, discovered in photolime polymerbased thin film waveguides, makes such devices particularly attractive to be fabricated on high-index andor high loss substrates of interest, such as Si, GaAs chip and PC board [5] .
In summary, a crosstalk model has been developed to study the system limitations on optical interconnects employing PBSMBA's. The upper channel packing density limit was found to be 1250 channeldcm for a 5 cm interconnect distance. This represents the first determination of packing density limit using an exact solution of the coupled-mode equations while considering channel cross-coupling among infinite number of waveguides. Computer simulations were presented together with experimental results. It was shown that there is a threshold of channel separation because of channel cross-coupling, which results in a tradeoff between channel packing density and interconnect distance-To l-educe the threshold of channel separation, high lateral index modulation is needed. Also based on the analysis, large waveguide dimension (up to the cutoff boundary of second mode (E&)), is preferred for an optimum design in a dense PBSMBA. The analysis developed herein is to single-mode channel waveguide bus ~Y S based on Other materials.
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